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Abstract
Background: The specific associations between plant roots and the soil microbial community are
key to understanding nutrient cycling in grasslands, but grass roots can be difficult to identify using
morphology alone. A molecular technique to identify plant species from root DNA would greatly
facilitate investigations of the root rhizosphere.
Results: We show that trnL PCR product length heterogeneity and a maximum of two restriction
digests can separate 14 common grassland species. The RFLP key was used to identify root
fragments at least to genus level in a field study of upland grassland community diversity. Roots
which could not be matched to known types were putatively identified by comparison of the
nuclear ribosomal ITS sequence to the GenBank database. Ten taxa were identified among almost
600 root fragments. Additionally, we have employed capillary electrophoresis of fluorescent trnL
PCR products (fluorescent fragment length polymorphism, FFLP) to discriminate all taxa identified
at the field site.
Conclusion: We have developed a molecular database for the identification of some common
grassland species based on PCR-RFLP of the plastid transfer RNA leucine (trnL) UAA gene intron.
This technique will allow fine-scale studies of the rhizosphere, where root identification by
morphology is unrealistic and high throughput is desirable.
Background
Plants can be difficult to identify from roots, even for
experienced taxonomists. Fine roots often grow deep and
intertwined with each other in swards and it is not easy to
link above and below ground plant parts for morpholog-
ical identification. Studies of of below-ground processes
are currently hindered by the inability to identify fine
roots in soil [1]. To understand nutrient cycling in an
upland grassland we are studying the spatial relationship
between co-occurring plant roots and their associated
microbes, both endomycorrhizal fungi and rhizoplane
bacteria. To address the question 'do the roots of different
plant species harbour distinct microbial populations?' we
first required a method to identify plant species from root
fragments.
A molecular method for identification must satisfy
requirements for specific amplification of plant DNA and
reveal enough variability to distinguish species. The trnL
UAA intron from plastid DNA shows variability compara-
ble to that of nuclear intergenic regions and can resolve
taxa at the genus/species level in RFLP-based studies[2]. It
has been exploited to identify tree species from fine roots
collected in the Alps [3]. Sequence variation in the trnL
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intron has also been used to identify Cinnamomum species
[4] and cyanobacterial partners of Peltigera lichens [5],
and has recently been used to confirm morphological
identification of three grass species in a study of AM diver-
sity in upland grassland [6].
Our aims were firstly to extend the molecular data for
grasses so that we could identify, to species level, small (<
1 cm) root fragments collected from soil cores sampled
from an upland grassland, and secondly, to develop a
high-throughput method of plant root identification uti-
lising capillary electrophoresis of fluorescently labelled
PCR products.
Results and Discussion
trnL PCR-RFLP key to grass identification
The trnL intron was successfully amplified from a range of
grasses including the dominant species recorded at the
field site. Nucleotide sequence data was deposited in Gen-
Bank with accession numbers as listed in Table 1.
Using sequence data, we selected restriction digests which
would separate the taxa. PCR products varied in size from
496 bp – 646 bp, and this length heterogeneity provided
a useful character for discriminating Agrostis  spp. from
other grasses (Table 1). Agrostis was subdivided into A.
capillaris and A. vinealis with BfaI. A double digest with
NlaIV and DdeI allowed the remaining species to be sepa-
rated into Festuca, Poa and 'others'. The Festuca group was
further divided to F. arundinaceae,  F. juncifolia and  F.
rubra/F. ovina with XmnI. F. rubra and F. ovina proved dif-
ficult to separate by trnL RFLP since they varied at only 6
nucleotide positions. P. pratensis and P. trivialis were also
not separable by RFLP since the trnL intron sequences did
not contain informative restriction site differences. The
trnL intron of closely related species may not always con-
tain enough sequence variation for separation by RFLP
[3]. However, we were able to distinguish between F. rubra
& F. ovina, and between P. pratensis & P. trivialis by ampli-
fication of the ribosomal ITS region followed by digestion
with  HinfI. Amplification with ITS4 and the newly
designed ITS1P consistently amplified a single band from
reference plant DNA but often produced multiple bands
from environmental samples. However, optimisation of
cycling conditions allowed the amplification of a single
band from environmental root samples.
The remaining sequences, Deschampsia caespitosa,  Des-
champsia flexuosa,  Nardus stricta,  Holcus lanatus,  Luzula
campestris and Phleum pratense, were separated by diges-
tion with Hsp92II. With a combination of length hetero-
geneity and one or two enzyme digests a total of ten taxa
could be identified to species and the remaining four to
genus level. A key was designed to aid interpretation of
trnL PCR product length and restriction patterns (Table 1).
Identification of field roots
The RFLP key was used in an attempt to identify 960 root
fragments sampled from the field. Amplification yielded a
single PCR product in 579 roots (60.3 %), and a mixed
product in 17 roots (1.8 %), possibly due to small root
fragments of more than one species. Samples which twice
failed to amplify were considered either to be dead and
degraded, or to contain inhibitory compounds co-precip-
itated from root pigments or adhering soil. Co-precipita-
tion of root pigments has previously been reported to
inhibit PCR [7] and we made no attempt to remove soil
particles since the molecular characterisation of rhizo-
plane microbes was the subject of a related study.
Table 1: Key to grass identification at Sourhope using trnL PCR-RFLP. Fragment sizes were determined using nucleotide sequence data 
of the trnL PCR product of each reference species. Restriction enzyme(s) are followed by the fragment sizes expected from digestion 
with the enzyme(s). GenBank accession numbers are provided in brackets following the species name.
trnL PCR Restriction digest 1 Restriction digest 2 Identity (accession number)
~500 bp BfaI: 158/277/61 Agrostis capillaris (AY177347b)
BfaI: 439/61 Agrostis vinealis (AY177332)
>500 bp NlaIV/DdeI: 57/53/187/317-329 Poa pratensis/trivialisa(AY177349b/
AY177338)
NlaIV/DdeI: 57/53/200-204/298-
300
XmnI: 197/45/367-370 Festuca rubra/ovinaa (AY177345b/
AY177342)
XmnI: 197/45/178/154 Festuca juncifolia (AY177344)
NlaIV/DdeI: 57/53/505-536 Hsp92II: 125/435/86 Deschampsia flexuosa (AY177336)
Hsp92II: 125/405/86 Deschampsia caespitosa 
(AY177335)
Hsp92II: 336/200/86 Nardus stricta (AY177337)
Hsp92II: 563/86 Holcus lanatus (AY177348)
Hsp92II: 343/281 Luzula campestris (AY177333)
Hsp92II: 528/86 Phleum pratense (AY177339)
a can be separated by ITS PCR-RFLP with HinfI (Pp:335/293/76/17, Pt:293/207/127/76/17; Fr:337/297/76/17, Fo:293/230/107/76/17) b sequences 
from reference [6].BMC Ecology 2003, 3 http://www.biomedcentral.com/1472-6785/3/8
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By comparing RFLP patterns to the key we were able to
assign most root fragments to species. Ten grass species
were represented among the 579 root fragments analysed.
The frequency and distribution of each species across the
study site was determined. Agrostis capillaris dominated
the root population, representing 61.3 % of identified
roots (Table 2) and present in every core. Eleven percent
of roots were identified as A. vinealis, 7.8 % D. caespitosa,
7.3 % F. rubra and 5.4 % P. pratensis. The remaining spe-
cies occurred at frequencies of less than 5 % (Table 2).
Using this method we were able to select a subset of sam-
ples for further analysis of microbial diversity such that
comparative information could be maximised within and
between species and cores (results not shown).
While the majority of RFLP patterns matched the grass
species known to be present at the site, a few roots yielded
unexpected patterns. Fourteen roots yielded an RFLP pat-
tern which matched F. juncifolia and three roots matched
H. lanatus. Since these species have not been recorded at
the Sourhope field site or indeed at this altitude, corre-
sponding roots were cautiously recorded as Festuca sp. and
Holcus sp.
Using ITS-RFLP to distinguish F. rubra from F. ovina and
P. pratensis from P. trivialis, only the F. rubra and P. praten-
sis types were detected. Nineteen root samples displayed
an RFLP pattern not seen in any of our 'key' species. A
Blast search [8] of the NCBI database using the ITS
sequence from of a subset of the unassigned samples
matched Calamagrostis epigeios most closely although this
species has not been detected in previous vegetation sur-
veys of the site. The number of ITS sequences in Genbank
makes this region potentially more useful than the trnL
intron for identifying unknowns but because the chloro-
plast  trnL intron is plant-specific we thought it better
suited to plant identification than the nuclear-encoded
ITS which can sometimes be amplified from both plants
and fungi [9].
PCR products from root samples representing each trnL
intron RFLP type were sequenced to verify identity. The
nucleotide sequence from a root identified as H. lanatus
was 34 bp longer than our database key sequence, con-
firming the need for caution in assigning species names to
RFLP types. The alignment of eleven A. capillaris trnL
intron sequences shows little intraspecific variation (1 bp
difference in 500 bp). A phylogenetic tree to compare trnL
sequences from roots with key species supports current
taxonomic relationships in the Poaceae (Fig. 1). Since the
trnL sequence of the unassigned samples grouped with
Agrostis we labelled these unknowns as Agrostis sp.
Fluorescent fragment length polymorphism
Capillary electrophoresis of fluorescently labelled trnL
PCR products was tested as a high-throughput method of
discriminating the ten species detected at the field site.
Table 3 shows the range of fragment lengths obtained
from at least three samples of each taxon where available.
Fragment lengths for most taxa varied within the range of
resolution (+/- 2 bp) and seven species could be unambig-
uously defined. N. stricta and Agrostis sp. had length vari-
ants of 3 bp and 6 bp respectively, resulting in an overlap
between the fragment lengths of N. stricta, Agrostis sp. and
P. pratensis. However, variation in the 5' terminal frag-
ment from Hsp92II digestion can resolve all 3 species.
Identification of plant species from root DNA by trnL PCR
fluorescent fragment length polymorphism (FFLP) repre-
sents a considerable advance on the use of agarose gel
based PCR-RFLP techniques by offering high resolution,
which removes the need for multiple enzyme digests.
Also, fewer steps and more automation can reduce sources
of error when dealing with large numbers of samples. Fur-
ther savings could be made by combining, in one well, the
fluorescent products of both root and associated micro-
bial products if different terminal dyes are used. Multiplex
PCR is also an option if primers pairs can be designed to
avoid interaction and anneal efficiently at the same tem-
Table 2: Occurrence of grass species at Sourhope based on identification of 579 roots.
Taxon Number of roots Frequency of occurrence (%) Number sequenced
Agrostis capillaris 355 61.3 11
Agrostis vinealis 66 11.4 2
Deschampsia caespitosa 45 7.8 4
Festuca rubra 42 7.3 6
Poa pratensis 31 5.4 3
Agrostis sp. 19 3.3 4
Festuca sp. 14 2.4 2
Nardus stricta 30 . 51
Holcus sp. 3 0.5 4
Deschampsia flexuosa 10 . 21BMC Ecology 2003, 3 http://www.biomedcentral.com/1472-6785/3/8
Page 4 of 6
(page number not for citation purposes)
Phylogenetic relationships within the Poaceae based on trnL intron sequences from this study Figure 1
Phylogenetic relationships within the Poaceae based on trnL intron sequences from this study. Individual roots from field sam-
pling are shown in bold with a unique identifier. Coloured blocks denote subtribes. The consensus tree was constructed using 
maximum parsimony in MEGA version 2.1 [13]. Bootstrap percentages from 100 replications are indicated.
Table 3: Range of estimated fragment lengths for Sourhope grass species determined by capillary electrophoresis of fluorescent dye-
labelled trnL PCR.
Grass species trnL PCR length (bp)
Agrostis capillaris 496.5–497.5
Agrostis vinealis 500.7–501.9
Festuca rubra 612.6–614.8
Festuca sp. 616.0–618.3
Deschampsia caespitosa 618.9–620.7
Nardus stricta 626.8–629.8 (337a)
Agrostis sp. 624.2–630.4 (528–535a)
Poa pratensis 629.7–630.8 (539a)
Deschampsia flexuosa 648.8–649.6
Holcus sp. 652.4
a Hsp92II 5' terminal fragment length
 2.12.3
Festuca ovina AY177342
Festuca rubra AY177345
 1.6.8
Festuca juncifolia AY177344
 3.6.7
 Lolium perenne AY177341
Schedonorus arundinaceus AY177343
Schedonorus pratensis AY177340
 9.12.2
Holcus lanatus AY177348
Deschampsia flexuosa AY177336
 5.7.6
 1.7.2
Deschampsia caespitosa AY177335
Poa trivialis AY177338
 1.6.2
Poa pratensis AY177349
 1.4.1
 2.1.8
 5.9.8
Agrostis vinealis AY177332
 5.10.3
Agrostis capillaris AY177347
 6.5.1
 5.10.8
 1.9.6
Nardus stricta AY177337
Luzula campestris AY177333
Rumex acetosa AY177334
100
100
100
99
99
98
91
87
98
97
96
94
92
76
71
92
92
98
100 Agrostis sp.
Loliinae
Agrostidinae
Holcinae
Agrostidinae
Poinae
NardeaeBMC Ecology 2003, 3 http://www.biomedcentral.com/1472-6785/3/8
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perature. Additionally, the peak area of diagnostic frag-
ments allows relative quantification of each amplification
product in mixed samples [10].
Conclusions
A molecular identification key based on RFLP of the plas-
tid trnL intron was successfully developed and utilised to
identify a large number of small root fragments sampled
from an upland grassland. This procedure could be
adapted to any field system in which it is desirable to
identify plant species from roots, or other plant material
insufficient for morphological taxonomy. ITS sequence
data can be used for identification if unexpected patterns
occur. Furthermore, by employing capillary electrophore-
sis of fluorescently labelled trnL PCR products, large num-
bers of samples can be rapidly processed with a higher
precision than agarose gel methodologies. Semi-auto-
mated throughput of > 100 samples per day at a resolu-
tion of +/- 2 bp makes this method ideally suited to the
molecular characterisation of both root and associated
microbes. With the ability to identify individual roots in
soil we can begin to address questions of how below-
ground processes influence community diversity and
composition at a small scale.
Methods
Reference plant material
Plant material from species known to occur at the field site
under investigation was collected in order to develop a
trnL intron sequence database. Closely related species
were included where possible or available. (Agrostis vinea-
lis, Deschampsia caespitosa, Deschampsia flexuosa, Festuce
ovina, Festuca juncifolia, Festuca arundiaceae, Holcus lanatus,
Luzula campestris, Nardus stricta, Phleum pratense, Poa trivi-
alis). The trnL intron sequences for Agrostis capillaris
(AY177347), Festuca rubra (AY177345), Poa pratensis
(AY177349) were available from a previous study [6].
DNA isolation and PCR-RFLP
DNA was isolated from plant tissue samples using the
CTAB method [11]. The plastid trnL intron was amplified
from plant DNA using the primer pair c and d [12].
Amplifications were performed in 50 µL volume contain-
ing 2 µL of template DNA, 20 mM Tris-HCl (pH 8.4), 50
mM KCl, 10 pmoles of each primer, 100 µM dNTPs, 2 mM
MgCl2 and 1 unit of Taq DNA polymerase (Invitrogen).
PCR program consisted of 30 cycles (94°C for 30 s, 58°C
for 1 min, 72°C for 1.5 min) on a PTC-100 programma-
ble thermal controller (MJ Research Inc.). Each amplifica-
tion reaction was analysed by electrophoresis in TBE
buffer on a 1% (w/v) agarose gel and visualised under UV
light after staining with ethidium bromide. PCR products
were sequenced in both directions using BigDye and
either the forward or reverse PCR primer and resolved on
an ABI 377 automated sequencer according to the manu-
facturer's protocol (Applied Biosystems). Theoretical
digests to discriminate between taxa were performed
using Lasergene (DNAstar). Fragment sizes of less than 50
bp or differences in fragment sizes of less than 20 bp were
not considered informative for agarose gel electrophore-
sis. Theoretical restriction patterns were confirmed by
digestion of PCR product with the restriction
endonucleases found to be most discriminating. Digests
were performed at 37°C for at least 2 h according to man-
ufacturers' instructions. The double digest with NlaIV and
DdeI was performed in Promega buffer B. BfaI and NlaIV
were obtained from New England Biolabs; DdeI, HinfI,
Hsp92II and XmnI from Promega. Fragments were sepa-
rated on a 2 % (w/v) Agarose:Metaphor agarose (FMC
Bioproducts, UK) (1:1) gel in TBE buffer and visualised by
staining with ethidium bromide.
Field sampling and identification of roots
Field sampling took place on Fassett Hill at Sourhope
(National Grid Reference NT 852207), an upland grass-
land in the Scottish Borders. Forty soil cores (10 cm diam-
eter) were taken from a 14 m × 12 m plot. Twenty four
root fragments were randomly selected from a 1 cm cube
of soil from each core and frozen prior to DNA isolation.
The Qiagen DNeasy 96 Plant Kit was utilised for high-
throughput DNA isolation from the 960 spatially refer-
enced root fragments following the manufacturer's
instructions. DNA was stored at -20°C prior to
amplification.
The trnL intron was amplified from root DNA, digested
with appropriate enzymes as described above, and com-
pared to the RFLP key. For roots with RFLP patterns which
did not match any database taxa, the nuclear ribosomal
ITS region was amplified using the same PCR protocol as
for the trnL intron but with primers ITS4 [9], and ITS1P
(AACCTTATCATTTAGAGGAAGG), newly designed to
preferentially amplify grasses but not fungi. Sequencing in
both directions as above and comparison to GenBank
using BlastN [8] allowed identification of unknown taxa.
Capillary electrophoresis of fluorescently-labeled trnL 
PCR products
For fluorescent detection of trnL PCR products the region
was amplified from plant DNA as above except the for-
ward primer was labelled at the 5' end with WellRED
Beckman Dye D2-PA (Proligo). PCR products were resus-
pended in deionized formamide following ethanol pre-
cipitation. An aliquot of 0.5 – 2.0 µL was added to 30 µL
SLS loading solution containing 0.1 – 0.2 µL Size Stand-
ard 600 (Beckman-Coulter). Fluorescently labelled frag-
ments were separated by capillary electrophoresis and
detected by laser-induced fluorescence using the CEQ
8000 automated gene sequencer (Beckman-Coulter).
Samples were denatured at 95°C for 2 min before injec-Publish with BioMed Central    and   every 
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tion at 4.8 kV for 40 s and separation for 70 min. Frag-
ments were sized by comparison to the internal standard
using CEQ 8000 software for Fragment Analysis. At least
three samples of each taxon, previously identified by trnL
PCR-RFLP, were analysed to assess the ability to discrimi-
nate between species by trnL fragment length.
List of abbreviations
RFLP – Restriction Fragment Length Polymorphism, FFLP
– Fluorescent Fragment Length Polymorphism, ITS –
Internal Transcribed Spacer
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